) with three replications. Results revealed that yield and yield components of food barley were significantly affected by P fertilizer application. Phosphorous fertilizer application at different rates increased grain yield of food barley by 23 to 46% compared to the control. Available soil test P concentrations analyzed three weeks after planting were affected significantly by P fertilizer application rate. Relative yield and Bray-2 soil test phosphorous value correlation indicated that soil test phosphorous values greater than 13 mg kg -1 was found to be sufficient for food barley production. The average phosphorous requirement factor (P f ) calculated from soil test phosphorous values of all treatments for study area was 10.2. Most sites tested had Bray 2 P values <10 mg kg −1 . In the absence of a soil test, a recommendation of 40 kg P ha -1 , resulting in the best response overall, could be made for the first year of application. It was also recommend that to prevent a potential loss of barley yield, a maintenance application of at least 5 to 10 kg P ha −1 be applied every year, irrespective of the calculated recommended rate, in order to replace P exported from the field in the form of grain and straw yield. Further field trials are required to determine interactions between P response and the effects of climate, soil properties, and other management practices.
INTRODUCTION
Soil fertility decline due to continued degradation of agricultural soils is a major concern in African agriculture in general and in Ethiopia in particular. Among the biophysical factors, it remains to be single most important constraint to food security in sub-Saharan Africa (SSA) (Bekele and Drake, 2003) . The International Centre for Soil Fertility and Agricultural Development estimates that Africa loses 8 million metric tons of soil nutrients per year and over 95 million hectare of land have been degraded to the point of greatly reduced productivity (Henao and Baanante, 2006) . According to Stoorvogel et al. (1993, the annual average nutrient loss for SSA was 26 kg N, 3 kg P, and 19 kg K ha -1 year -1 with that for Ethiopia being 47 kg N, 7 kg P and 19 kg K ha -1 year -1 resulting in a negative nutrient balance (Omotayo and Chukwuka, 2009) . In contrast, farms in North America and Europe have averaged net positive nutrient balances (Sanchez et al., 1994) . Farmers in SSA seldom apply fertilizers in the recommended fertilizer rates at appropriate time that does not consider the crop nutrient requirement because of many socioeconomic constraints such as lack of supplies, cost of fertilizers, lack of access to financial credit, delivery delays, low and variable returns (Partey and Thevathasan, 2013) . With rapid population growth, continuous and intensive cropping without restoration of the soil fertility, has depleted the nutrient base of most soils (Alice et al., 2012) resulting in poor crop yields. Nutrient depletion could be even worse in highly populated countries such as Ethiopia (Haileslassie et al., 2006) .
Barley one of the most important food crops predominantly grown from 1500 to 3500 m above sea level in Ethiopia (Lakew et al., 1996) . It covers an area of about 1.13 million ha, but its national average yield is low at 1.7 t ha −1 (CSA, 2014) . Phosphorous (P) is usually the most yield limiting of soil-supplied elements, and soil P tends to decline when soils are used for agriculture (David and David, 2012) . A high proportion of the grain becomes human food, and a consequent residue is not returned to the field as often as plant or animal wastes (Buol, 1995) . The low solubility of phosphates and their rapid transformation to insoluble forms makes P less available or unavailable to crops (Smil, 2000) . P is deficient in about 70% of the soils in Ethiopia (Mamo and Haque, 1991) . Barley production in Nitisol areas of Ethiopia are marginally to severely deficient in P and constrained by soil acidity and low nutrient availability Regassa and Agegnehu, 2011) making it the main growth limiting factor (David and David, 2012) . These highlands constitute 43% of the country but account for 95% of the cultivated area and support 88 and 75% of the human and livestock population, respectively (Yirga and Hassan, 2013) Sound soil test based and site specific nutrient management is essential in reversing this trend and increase crop yield in agricultural land. It is essential for successful fertilization program and crop production. It is a reliable and accurate method to identify the nutrient rates required to attain a desired level of plant growth and yield. It is important that results of soil tests be calibrated against crop response from applications of the plant nutrients in question (Wortmann et al., 2013) . A reliable soil test correlates soil nutrients to plant use, and fertilizer recommendations calibrate tests to field conditions for individual crops once relationship between soil test values, fertilizer rates and crop yield is known, it is possible to determine the most economical fertilizer rate for a given crop which can make fertilizer recommendations refined according to the requirements of each field in a given farm (Seif, 2013) . Once critical nutrient level and crop requirement are worked out, farmers and producers could use this relatively simple tool to increase fertilizer profitability.
Calibration is a means of establishing a relationship between a given soil test value and the yield response from adding nutrient to the soil as fertilizer. It provides information how much nutrient should be applied at a particular soil test value to optimize crop growth without excessive waste. Calibration research predicts the probability of response from applying a given nutrient which must be determined experimentally in the field (Dahnke and Olsen, 1990) . Calibrations are specific for each crop type, soil type, soil pH, climate plant species, and crop variety (Seif, 2013; Agegnehu and Lakew, 2013; Sonon and Zhang, 2014) . Soil testing particularly soil P, tests can be used for evaluating soil P availability and fertilizer recommendations. The reliable nutrient status of farmers' fields' true will only be revealed through chemical soil testing during a particular growing season. The most widely used available soil P test is Bray II (Bray and Kurtz, 1945) on acidic soils (Bado et al., 2008) . Instead of simple individual soil tests, soil calibrations of the relationship between soil test and yields of a specific plant are needed for fertilizer recommendation. A critical limit of available P and P requirement factors for a specific soil and crop have been conducted for some crops recently, but the critical limits of available P and P requirement factor are not established for many crops including food barley. Different methods can be used to examine such a relationship. One example of simple graphical method is the Cate Nelson graphical method (Nelson and Anderson, 1977) .
The blanket recommendation of 46% P and 64% N for food barley in the central highlands of Ethiopia (Bekele et al., 1993) does not consider the differences in agroecological environments (Agegnehu and Lakew, 2013) which may not be applicable under the current production system and for the foreseeable future. Since the spatial and temporal fertility variations in soils were not considered, farmers have been applying same P fertilizer rate to their fields regardless of soil fertility differences. Almost all soil properties exhibit variability as a result of dynamic interactions between natural environmental factors, that is, climate, parent material, vegetation and topography (Jenny, 1941) . Soil properties and in turn plant growth are significantly controlled by variation in landscape attributes including slope, aspect and elevation which influence plant nutrient distribution (Rezaei and Gilkes, 2005) specially in Ethiopian highlands where the steep and dissected terrain topography make soils susceptible to soil erosion and degradation (Hurni, 1988) . For this reasons, the blanket recommendation will make inefficient use of these expensive nutrients which contribute to the depletion of scarce financial resources, increased production costs and potential environmental risks (Tarekegne and Tanner, 2001) .
Currently, soil fertility research improvement is geared towards site specific fertilizer recommendation. The establishment of a reliable soil test is able to assist in the determination of P requirements. It involves a correlation to find an extractant for soil nutrients for a laboratory test that will best mine an amount of a nutrient proportional to what a plant extracts (Seif, 2013 ). This will be followed by a calibration to relate soil test numerical value with field nutrient response in the form of crop yield from the addition of the fertilizer nutrient to the soil (Shaver, 2014) . Therefore, the objectives of this study were to correlate the Bray-2 soil test P with relative grain yield response of food barley across selected Nitisol areas of West Shewa to establish preliminary agronomic interpretations, and determine the critical P concentration and P requirement factor.
MATERIALS AND METHODS

Experimental site
Phosphorous response trials with food barley were conducted on farmers' fields from 2012 to 2015 during the main cropping seasons in West Shewa in the central highlands of Ethiopia. Food barley is grown mainly by subsistence farmers in the highlands of the country. The rainfall is bimodal with long-term average annual rainfall 1100mm, about 25% of which falls from June to September and the rest from January to May and average minimum and maximum air temperature of 6.2 and 22.1°C, respectively. The environment is seasonally humid and major soil type of the trial sites is Eutric Nitisol (FAO classification).
For the selection of representative trial sites across the area over 600 soil samples (0 to 20 cm depth) were collected in three years from farmers' fields before the onset of the trial. Soil samples were analyzed for pH using in a ratio of 2.5 ml of water to 1 g soil available P using Bray II method (Bray and Kurz, 1945) organic C content using Walkley and Black method (1954) , total N using Jehldahl method (Bremner and Mulvaney, 1982) , exchangeable cations and cation exchange capacity (CEC) using ammonium acetate method (Chapman, 1965) . The available soil P (using Bray-2 method) ranges prior to planting considered for classification were <10 mg kg -1 for low, 10 to 25 mg P kg -1 for medium and >25 for high (Table 1) . Based on this categorization 9 farmers with low and medium fields available P were selected for the first year, 5 farmers for the second year and 4 farmers with the same categories for the last two years, respectively.
Experimental setup
The experiment was arranged in a randomized complete block design with six levels of phosphorous (0, 10, 20, 30, 40 and 50 kg P ha . The experiment was planted in June. The sources of N and P were urea and triple super phosphate (TSP), respectively. The P fertilizer was applied at planting. While the recommended N fertilizer (60 kg ha -1 ) was applied two doses; half at planting and half at tillering stage. Other agronomic practices were applied based on local research recommendations.
The first weeding was done 30 to 35 days after planting and the second weeding was carried out a month after the first weeding. Agronomic parameters collected were grain yield, aboveground total biomass, thousand seed weight, test weight, seed weight (g/100 spikes), spike size and plant height (average of 10 plants). One site in the third year was dropped due to poor crop performance and 18 sites were considered for harvesting, data analysis and interpretation in three years. To estimate total biomass and grain yields the entire plot was harvested at maturity in November. After threshing seeds were cleaned weighed and adjusted at 12% moisture level. Total biomass and grain yields recorded on plot basis were converted to kg ha -1 for statistical analysis.
Determination of critical P concentration (Pc)
To correlate relative yield vs. soil test P values and determine critical P concentration, the available P was extracted from the soil samples taken three weeks after planting from each plot of all experimental fields using Bray 2 method and three replications for each treatment.
The Cate-Nelson graphical method (Nelson and Anderson, 1977 ) was used to determine the critical P value using relative yields and soil test P values obtained from 18 P fertilizer trials conducted at different sites, to assess the relationship between grain yield response to nutrient rates and soil test P values, relative grain yields in percent were calculated as follows: (1) The scatter diagram of relative yield (Y-axis) versus soil test value (X-axis) was plotted. The range in values on the Y-axis was 0 to 100%. A pair of intersecting perpendicular lines was drawn to divide the data into four quadrants. The vertical line defines the responsive and non-responsive ranges. The observations in the upper left quadrants overestimate the P fertilizer P requirement while the observations in the lower right quadrant underestimate the fertilizer requirement. The intersecting lines were moved about horizontally and vertically on the graph, always with the two lines parallel to the two axes on the graph, until the number of points in the two positive quadrants was at a maximum (or conversely, the number of points in the two negative quadrants was at a minimum). The point where the vertical line crosses the X-axis was defined as optimum critical soil test level (Nelson and Anderson, 1977) .
Determination of P requirement factor (Pf)
Phosphorous requirement factor (Pf) is the amount of P in kg needed to raise the soil P by 1 mg kg -1
. It enables to determine the quantity of P required per hectare to raise the soil test by 1 mg kg -1 , and to determine the amount of fertilizer required per hectare to bring the level of available P above the critical level (Nelson and Anderson, 1977) . It was calculated using available P values in samples collected from unfertilized and fertilized plots. Phosphorous requirement factor was expressed as:
Therefore, the rate of P fertilizer to be applied (Pa) was expressed in terms of critical P concentration (Pc), initial soil P value (Pi) and P requirement factor (Pf).
Statistical analysis
The data were subjected to analysis of variance using the procedure of the of SAS statistical package version 9.0 (SAS Institute, 2001). The total variability for each trait was quantified using the following model.
where T ijk is the total observation, µ = grand mean, Yi = effect of the i th year, Rj(i) is the effect of the j th replication (within the i th year), P k is the of the k th treatment, PY (ik) is the interaction of the k th treatment with i th year and e ijk is the random error. Means for the main effects were compared using the means statement with least significant difference (LSD) test at the 5% level.
RESULTS
Weather
The total rainfall amount and precipitation pattern for 2012 was significantly higher compared with long-term average, 2013 and 2014 (Figure 1 ). The rainfall amounts recorded for July and September were considerably higher in 2012 than in 2013 and 2014. When compared with a 30 year average, rainfall in July was higher by 41 mm in 2012, but lower by 122 and 126 mm in 2013 and 2014, respectively, which entails average moisture received in 2012 was conducive for barley growth and development. Moisture deficiency in July and September critically affects tillering and grain filling, respectively.
Yield and yield components
The responses of grain yield and yield components of food barley to phosphorus fertilization, year and interaction of year by phosphorous of the combined data of over three years are presented in Table 2 . The three cropping year data analysis of variance indicated that grain yield and yield components of food barley were significantly affected by year and P fertilizer. Analysis of variance over three cropping seasons revealed that the year effect was highly significant (p<0.001) for grain and yield components of barley ( Table 2 ). The year by P fertilizer rate interaction was not significant for grain yield and yield components of barley. The highest mean grain yield (5050 kg ha The maximum total crop biomass, harvest index, thousand seed weight, seed weight, test weight, seed weight, spike length and plant height also recorded in the same cropping season (Tables 3 and 4) .
Grain yield, total above ground biomass, harvest index, thousand grain weight, test weight, seed weight per spike and plant height of food barley significantly responded (p<0.01 and p<0.001) to P fertilizer application rate (Table 2) . Spike size and moisture content were significantly affected by year only but not by P (p<0.05) for grain yield and yield components (Table 2) . Grain yield significantly (p<0.001) affected by P rate. Significant at **P ≤ 0.01, ***P ≤ 0.001; ns, not significant. Significantly a higher grain yield was obtained from the application of 40 kg P ha -1
. The application of P fertilizer rate of 10, 20, 30, 40, and 50 kg ha -1 increased grain yields of food barley by 21, 24, 30, 46 and 43%, respectively, compared to the control (without P fertilizer). Application of P fertilizer consistently increased total biomass (linear, r 2 = 0.9), grain yield, harvest index, Plant height, thousand seed weight consistently increased as P rate increased, but showed slight decrease beyond 40 kg ha -1 . However, statistically significant differences were not obtained among P levels for hectoliter weight and moisture content (Table 3 ). The combined analysis of variance across all experimental locations signify that barley yield and yield components differed significantly (P<0.001) among trial locations (data not shown). Physical observations revealed that heading and flowering stages were earlier and higher plant height was recorded in plots that received P fertilizer compared with untreated plots.
Critical P concentration (Pc) and P requirement factor (Pf)
Soil P values determined three weeks after planting differed significantly (P<0.01) among P levels. The main effect of P fertilizer resulted in mean soil test P values of 8.5 to 17.4 mg kg -1 . Bray-2 soil test P values below 10 mg kg -1 are considered low. The increase in soil P response to P fertilizer application was linear up to 50 kg P ha -1 . The highest mean soil P concentration (17.4) was recorded from 50 kg P ha -1 (Figure 2 ). The correlation between relative food barley grain yield response and soil P measured with Bray-2 method is indicated in Figure 3 . The critical P concentration (P c ) was determined from the scatter diagram drawn using relative grain yields of food barley and the subsequent soil test P values for all P levels (0 to 50 kg P ha -1 ). The Pc defined by the Cate Nelson method in this study was about 13 mg P kg -1 , with mean relative yield response of about 80% (Figure 3) . When the soil test value is below the critical value additional information is needed on the quantity of P required to elevate the soil P to the required level. This is the P requirement factor (P f ), the amount of P required to raise the soil test P level by 1mg kg -1 , computed from the difference between available soil test P values from plots that received 0 to 50 kg P ha -1 using the second formula mentioned above. Accordingly the calculated Pf were 8.5 to 13 and the overall average P f of all treatments for the study area was 10.2 (Table 5) . Thus the rate of P fertilizer required per hectare can be calculated using the soil critical P concentration, initial soil P determined for each site before planting (Table 1) and the P requirement factor as indicated above in the third formula.
DISCUSSION
Cropping season disparity has brought about significant differences in yield and yield components. Results have indicated that the amount of seasonal rainfall received and in the growing season greatly impacts the response to P fertilizer application in increasing productivity of food barley. In 2013 and 2014, lower yield and yield components were recorded due to early insufficient amount of rainfall in all trial sites during the tillering period in the month of July. The yield obtained was lower in Relationships between soil extractable P measured using Bray-2 method and food barley relative yield (percentage of the maximum yield). Using the graphical method of Nelson and Anderson (1977) , a critical limit of 13 mg P kg -1 of soil extractable P was identified. Relationships between soil extractable P measured using Bray-2 method and food barley relative yield (percentage of the maximum yield). Using the graphical method of Nelson and Anderson (1977) , a critical limit of 13 mg P kg -1 of soil extractable P was identified. Studies have indicated that grain yield and nutrient uptake of barley were greater in a relatively wetter season than the drier ones (Agegnehu et al., 2006) . According to Jones et al. (2011) low nutrient uptake early in a plant's growth lowers nutrient quantity for the seed affecting yield. Crop uptake of nutrients is affected by soil and climatic conditions. One of the constraints is low soil moisture that restrict uptake of plant nutrients. This indicates that a successful soil test fertilizer program is reliant on rainfall and soil moisture status which influences the response of crops and yield to a greater extent than fertilizer applications.
Many different factors combine to limit the success of any soil test and the suitability of the recommendation for a given situation. Food security in Ethiopia is strongly dependent on rainfall variability and soil management practices. Below average seasonal rainfall, little or no rainfall (dry spells), persistent moisture deficit l, severe soil erosion and runoff loss of water and the resultant low soil fertility are the prominent causes for the low agricultural productivity in the Ethiopian highlands. Moreover, the continuous removal of crop residues coupled with minimal use of farmyard manure results in the mining of nutrients, organic matter depletion and weakening of soil structure (Tulema et al., 2007) . These processes lead to increased runoff and erosion losses that are strongly linked to topsoil. Therefore, the practice of judicial water conservation undoubtedly plays a significant role in increasing agricultural production in the sub-humid areas where agriculture is hampered by periodic droughts and low soil fertility (Oicha et al., 2010) .
Analysis of variance revealed that phosphorous had a highly significant effect on yield and yield component of food barley. Grain yield consistently increased as the rate of P increased up to 40 kg P ha -1 then a slight decrease in yield was observed at the highest rate 50 kg P ha -1 (Table 3 ). This could be due to low pH or the lower amount of nitrogen (N) applied at a rate of 60 kg N ha -1 alike to all plots. Agegnehu and Lakew (2013) revealed that application of P significantly increased the grain yield of malting barley.
According to the Nelson and Anderson method, the critical level of Bray-2 P in the top 15 cm of soil was about 13 mg kg -1
. At values of greater than or equal to 13 mg kg -1 , the crop achieved about 80% of its maximal yield in the absence of P fertilizer application (Figure 3 ). This implies that P fertilizer application could be recommended for a buildup of the soil P to this critical value, or maintaining the soil P at this level. Increasing P beyond this level, the cost of additional P fertilizer to produce extra yield would likely be greater than the value of the additional yield. Thus the soils with available P status below 13 mg kg -1 , yield of food barley could show a significant response to applications of P fertilizers. Whereas in areas with available P status greater than 13 mg kg -1 , the P concentration in the soil exceeds crop needs so that further addition of P fertilizer may not result in a profitable yield increase. Agegnehu and Lakew (2013) reported that Critical concentration of 12 mg P ha -1 for malting barley using Bray II test. According to the result of our study, some yield responsive sites to P fertilizer applications had soil test levels above the critical level. Hence, to protect potential loss of food barley, at least a maintenance application of 10 kg P ha -1 may be required depending on the grain yield goal and profitability.
Following the pre-planting of soil analysis results all of the trial sites had lower soil P values than the critical P concentration. This had a direct relationship with the crop growth and yields. In most cases, soil pH less than 5.5 is deficient in available P and exchangeable cations (Brady and Weil, 2010) . In such soils the proportion of P fertilizer that could be available to a crop becomes inadequate (Brady and Weil, 2010) , unless amended through organic matter maintenance or liming to increase soil pH between 6.5 and 7 (Wortmann, 2015) for acid neutralization and applied through proper placement to increase the efficiency of utilization of the applied fertilizer. Higher coefficient variability in grain yield of food barley on Nitisols may have been related to greater variability within and among less fertile sites.
Conclusion
Soil-test P fertilizer calibration for food barley on Nitisols was proposed based on the Bray 2 extraction. This calibration is based on the analysis of six different P-rate test sites in which crop response to P fertilizer was determined in three cropping seasons (years). The results of this field work clearly indicated the importance of soil test based P fertilizer application on achieving maximum yield and yield components of food barley under field conditions of West Shewa on Nitisols soil type. In this part of the country, soil fertility depletion is severe and use of external input is very low. The critical available soil P concentration (13 mg kg -1 ) in Bray -2 method and the average P requirement factor (10.2) on Nitisols have been established for the study sites and similar areas. The results seem promising and could be used as a basis for soil test P fertilizer recommendations for the production of food barley on Nitisols areas of central Ethiopian highlands. They can also be used for future intensification in the other areas for developing a system for soil test based fertilizer recommendation. Nevertheless, to develop an effective guideline for wider applicability of soil test based fertilizer recommendations, additional research assisted by appropriate soil P extraction method is required to generate sufficient information for the most important crop-soil systems.
